INTRODUCTION
Accurate void fraction measurement of multiphase flow is of great importance in many industrial fields (Kawahara et al. [1] . Together with pressure variation and mass transfer, bubble coalescence and break-up in gas-liquid two-phase flow are responsible for changes in bubble sizes and void fraction (Hewitt and Burnout [2] ; Hosokawa and Tomiyama, [3] .
Gas-liquid two-phase flow has inherent complexity, which leads to the difficulty of void 3 fraction measurement. Research on the topic, mainly including direct measurement and indirect measurement methods, is described in Sharaf et al. [4] .
Among the direct void fraction measurement methods, the most common one is the so-called quick-closing valve method. It requires quickly shutting down two quick-closing valves installed in the pipe when a stable flow status in the measurement section is observed.
Thereafter, the gas in the pipe is discharged and the volume of residual liquid is measured.
Finally, knowing the volume of the measuring section, the volume-average void fraction between the two valves can be calculated. Although this procedure is accurate, it is unable to achieve real-time online measurement because of the need artificially to cut off the normal flow of fluid in the pipe, and this limits its onsite application in actual industrial production.
At present, this method is mainly suitable for laboratory research on void fraction and the calibration of void fraction measurement devices (Li [5] ). In addition, void fraction estimation and analysis based on other techniques in a wide range of fields have been studied (Cioncolini and Thome [6] ; Celata et al. [7] ; Meng et al. [8] ). Srisomba et al. [9] proposed new correlations to predict the void fraction by combining the vapour quality and the physical properties of R-134a refrigerant in a horizontal tube using a quick-closing valve and optical observation techniques. The experimental results showed that the presented correlations could predict void fraction with mean relative error within 20% for intermittent, wavy and annular flow patterns. The correlations (Srisomba et al. [9] ) are different for the three flow patterns above. Kim et al. [10] proposed a capacitance method to measure the space-averaged void fraction in concentric annular flows, derived the expression for the capacitance in terms of a given void fraction, and developed a closed-form formula to predict the void fraction from 4 capacitance measurements. Uesawa et al. [11] proposed a void fraction estimation method for three-dimensional dispersed bubbly flow based on Maxwell's theory and polarization of tiny bubbles whereas Jassim and Newell [12] developed probabilistic two-phase flow map models to predict void fraction and pressure drop for R134a, R410A and air-water in 6-port microchannels. Lewis et al. [13] analysed the nature of the voltage signals acquired from a probe and proposed a signal processing scheme for measurement of time-averaged void fraction of small and large bubbles for a horizontal slug flow pattern in a 50.3 mm i.d. pipe.
Milian et al. [14] studied the influence of different mean void fraction correlations on the performance of condensers using R134a as working fluid under different main operating variables. The study showed the significance of the mean void fraction correlation on the condenser model predictions with noticeable discrepancies depending on the correlation used.
A performance comparison of 68 void fraction correlations from different studies covering a wide parameter range was given by Woldesemayat and Ghajar [15] , and the results showed that most of the correlations are restricted in terms of handling a wide variety of data sets.
In recent years, the relationships between differential pressure (DP) signals caused by throttling element formation and the discrete phase concentration have been investigated and many results have been reported (Fang et al., [16] ). Lao [17] (1) is developed from the experiments in which void fraction value was less than 0.5. So, when the void fraction value is larger than 0.5, Eq.
(1) is no longer valid.
Two-phase flow measurement using a Venturi meter is widely reported because of its advantages, including the short straight pipe length, small pressure loss, small flow pattern interference (Bertoldi et al. [18] ; Steven [19] ; Sun et al. [20] ), small vibration noise disturbance, and large DP signal amplitude (Steven [21] ). Recently, some researchers (Sun et al. [20] ; Zhang et al. [22] ) claimed that DP fluctuation signals contain some additional information related to gas-liquid two-phase distribution, hence the DP signals measured from a Venturi tube could lead to void fraction estimation when combined with the measurement model.
Zhang et al. [22] analysed the influence of mass flowrate, pressure, void fraction and density on DP signals, and provided a relationship between void fraction of gas-liquid two-phase flow and root-mean-square deviation of the DP fluctuating signals acquired from a Venturi tube. The following expression is deduced:
where D is the variance of DP signal, ,, abc are coefficients to be determined under experimental conditions, P denotes the average pipe pressure before the Venturi tube. In this method, it is necessary to determine the values of ,, abc according to the experimental 6 reference void fraction before measurement. Online void fraction measurement can be achieved by using the correlation and the DP signal acquired from the Venturi tube. Although many studies have been carried out to build a correlation between DP information and void fraction in a two-phase mixture, no general correlation presently predicts the void fraction accurately for various flow patterns.
In horizontal gas-liquid two-phase flow, the thicker liquid film at the bottom of a bubble or slug unit occurs with increasing gravity, resulting in a larger void fraction in the top layer of the pipes and a longer region with zero void fraction in the bottom layer (Liu et al. [23] ;
Colin et al. [24] ). Meanwhile, owing to the strong influence of buoyancy, the migration of dispersed bubbles towards the top wall of the horizontal pipe generally causes a highly asymmetrical internal phase distribution, and hence the void fraction reaches a maximum near the top wall of the pipe due to buoyancy (Yeoh et al. [25] ). Because there exists a significant influence of gravity and buoyancy on the phase distribution of horizontal gas-liquid two-phase flow (Liu et al. [23] ; Colin et al. [24] ; Yeoh et al. [25] ), a partial DP signal from certain location of Venturi tube cannot reflect the gas-liquid distribution comprehensively and accurately. Hence, DP signals from different locations of one Venturi tube should be considered to provide more information related to gas-liquid distribution. The objective of this study is to analyse the influence of gas-liquid distribution on the fluctuations of DP signals Gas and liquid phases are mixed through a horizontally installed baffle plate.
Before flowing into the test section, the gas-liquid mixture passed through a straight pipe to ensure a fully developed flow pattern. In this work, the pipe diameter is 40 mm, and the straight pipe before the test section is 15 m long to ensure the flow pattern development. difference between the liquid and the gas-liquid mixture divided by the volume of the gas-liquid mixture is the reference void fraction. After leaving the test section, the two-phase mixture was separated by a gas-liquid separator. Then air was discharged to atmosphere, while the water flowed into a water tank for recycling. According to the EMD principle (Huang et al. [26] ), the Intrinsic Mode Functions (IMFs)
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of DP signal are essentially the fluctuating components of DP signal, and the residue is the 9 mean component of DP signal or the stable part of DP signal. Previous studies indicated that the variance and the mean value of DP signal played an important role in void fraction estimation. Therefore, by combining the fluctuating and stable components of DP signal it would be possible to estimate the void fraction.
The EMD method decomposes the original signal to the fluctuating components, residual component and pseudo-components. Pseudo-components are derived from the energy leakage in the EMD process. The small difference between the actual analogue signal and the corresponding discrete signal leads to a minor deviation between the actual extreme points and the extracted ones. This minor deviation generates an energy leakage, and hence the induced pseudo-components emerge with low frequency and low energy. Therefore, the pseudo-components can be regarded as near-stable components.
Based on the components from EMD, the fluctuating variable, F , and the stable variable, R , are defined according to the following: Considering the flow, for conditions of the same void fraction value or similar gas-liquid distribution in the pipe, the flow characteristics are basically identical, and the fluctuating components of the DP signal are also basically similar.
The residue reflects the stable component of the DP signal. In horizontal gas-liquid two-phase flow, due to the effect of gravity, the liquid phase mainly distributes at the bottom of the pipe. Previous research showed that the characteristics of the liquid phase are mainly reflected on the stable component of the DP signal (Sun [27] ). i.e., the characteristics of the liquid phase are mainly described by the residue of the DP signal. Therefore, R increases with increasing liquid flowrate. In view of Eq. (5), for a constant void fraction value corresponding to constant F, the increase in R will inevitably lead to a decrease in d. 
ANN modelling
ANN is one of the statistical learning algorithms inspired by biological neural network and are used to estimate or approximate the complicated functions which depend on a large number of parameters. An ANN is generally presented as a system of interconnected "neurons" which send messages to each other. The connections between the neurons have numerical weightings which can be tuned based on the experimental data.
ANN is a nonlinear modeling tool, which models the complex relationships between inputs and outputs or elucidates the mode between data (Hornik et al. [28] ). The criterion to evaluate the performance of an ANN model is not the learning ability of the training sample data, but the ability to accurately predict new data, which is called the generalization ability.
To a certain extent, the generalization ability is also improved with the improvement of the learning ability, but this can be hampered by over-fitting.
Disrupting the order of the input data can make the data appear more typical, which is good for improving the generalization ability of the model. One way to avoid over-fitting is 12 the training early stop method. This method will randomly separate the sample data into three parts: a training data set, a validation data set and a test data set. There is no overlap between these.
The training data set is used to train neural network. After each training, the validation data set will automatically be input to the neural network to validate the generalization ability and an error will be output after validation. The network system will choose the optimal model according to the error change. Once the output error reaches the minimum, the network system will stop training automatically in order to prevent over-fitting, and hence the network model is determined. Clearly, the training set is used to generate the model, the validation set is used to find the network optimal weights and thresholds, and the test set is used to check the prediction accuracy of the network.
In this work, part of the experimental DP data are chosen to model the neural network.
Then the developed neural network is used to predict the void fraction of gas-liquid two-phase flow. The experimental working conditions are shown in Fig. 7 .
The experimental working conditions in Fig. 7 Based on the training data in Fig. 7 , the mean square errors calculated based on the training data, the validation data and the test data versus the number of iterations are shown in 
Void fraction estimation based on one DP signal
In order to assess the overall prediction accuracy, the average relative error  is defined as: In Fig. 10(a) , it is shown that the relative errors are within 10 % and a good prediction accuracy can be achieved when the void fraction is less than 0. Based on one DP signal, the void fraction prediction errors for slug flow are a little larger than that for the other two flow patterns. Gas-liquid slug flow is one of the most complex flow patterns. Liquid slugs, small bubbles and large bubbles are heterogeneously distributed in the flow pipeline. The small bubbles coalesce into a large bubble and a large bubble may also be broken into many small bubbles, causing interface changes and complicated interaction between liquid and gas phases. It is generally thought that slug flow can result in a severe fluctuations of void fraction and pressure drop in the pipeline. Therefore, it is difficult to predict the void fraction depending only on one DP signal. Fig. 11 .
Void fraction estimation based on two DP signals
From Fig. 11 , it can be seen that the errors are closer to zero error line. The data in Table   1 present the proportion of the sample number in a given RE range to the total sample number. Table 1 shows that for most samples the void fraction prediction errors based on Additionally, the high mixture velocity decreases the area occupied by the gas phase at the cross section of the pipe. Therefore, for the working condition with a high mixture velocity, the void fraction is underestimated, as shown in Fig. 13 . for every experimental sample are also shown in Fig. 14. Fig. 14 shows that when the reference void fraction is higher than 0.4, the void fraction is underestimated for most working conditions using the method in this paper.
Especially for a higher reference void fraction, the prediction error is much larger. A higher void fraction corresponds to a larger gas-liquid slip ratio. In this situation, a dominant gas flowing generates close to the axis of the pipe and the velocity of gas phase considerably exceeds that of the liquid phase. The larger velocity difference results in a small variation of gas-liquid phase interface and hence weakens the influence of bubbles on the liquid flowing. allowing validations with aforementioned works and current studies [18] [24], [29] , [30] .
CONCLUSIONS
This study proposes a new void fraction estimation method using two differential pressure When there is a high gas-liquid slip ratio there is in a large velocity difference between two phases and thus, a small variation of gas-liquid phase interface weakens the influence of bubbles on the liquid flow. Therefore, the void fraction is underestimated. 
